Abstract-We have measured the superconducting properties of the titanium alloy Ti-6Al-4V (Ti-64) as supplied and following two of the heat treatment schedules used for the Nb 3 Sn strands in the ITER tokamak. The Ti-64 alloy is the standard choice in the superconducting community for the barrels used to make critical current (I C ) measurements in high magnetic fields at cryogenic temperatures. Ti-64, which has a two-phase alpha + beta microstructure and contains vanadium (n.b. T C (V) ∼ 5.4 K), is superconducting at 4.2 K in fields up to 3 T. We have also measured Ti-6Al-2Sn-4Zr-2Mo-0.2Si (Ti-6242), which is in the near alpha phase and contains tin (n.b. T C (Sn) ∼ 3.7 K). The critical temperature of Ti-6242 is 2.38 K, which is lower than the 5.12 K of Ti-64. Hence Ti-6242 is a better choice of barrel material for I C measurements required at 4.2 K in low fields up to 3 T, because it remains in the normal state.
I. INTRODUCTION
T HE conductors in the magnets of the ITER tokamak use Nb 3 Sn and Nb-Ti strands to produce the magnetic fields necessary to confine the plasma. To ensure uniform production quality, reference laboratories have measured the properties of the superconducting strands in high fields [1] : 12 T for Nb 3 Sn and 6.4 T for Nb-Ti at 4.22 K [2] . In standard critical current (I C ) measurements at liquid helium temperatures, samples are usually measured on a Ti-6Al-4V wt % (Ti-64) ITER barrel [3] . Ti-64 is the workhorse of the titanium industry covering more than 50% of uses [4] . The excellent mechanical properties and good machinability of this material make it the material of choice for barrels [5] . It is a highly resistive material with low thermal conductivity which has a thermal contraction similar to Nb 3 Sn to minimize pre-straining of the strands [6] . The high electrical resistivity of Ti-64 at cryogenic temperatures is due to the high Ti content in solid solution [7] .
However in 1970, Clark published the electrical resistivity of many engineering alloys including the Ti-64 alloy and reported that it exhibits a superconducting phase [8] at 4.2 K in magnetic fields of up to a few tesla [5] . Other reports followed: In 1992 Umezawa showed that the transition temperature (T C ) of Ti-64 could vary between 4.35 and 6.3 K depending on oxygen concentration and heat treatment [9] . Divakar showed that T C of Ti-64 could vary from 1.3 to 5.7 K [10], [11] . Barucci measured a T C of about 4.38 K by a mutual inductance method [12] . We are interested in making I C measurements of Nb-Ti and Nb 3 Sn on barrels across its entire range of magnetic field operation, including low fields, at 4.2 K [13] . Hence we have investigated the superconducting properties of the Ti-64 alloy, both as-supplied and heat-treated, as well as Ti-6Al-2Sn-4Zr-2Mo-0.2Si wt % (As Supplied), (Ti-6242 (AS)), which has similar materials properties at room temperature to Ti-64 [7] .
II. MATERIALS AND MEASUREMENTS

A. Material Properties
Ti-64 is categorised as an alpha + beta two-phase alloy with excellent strength and corrosion properties and good ductility. Ti-6242 is a near-alpha titanium alloy that is even stronger but less ductile. The origin of the superconducting properties of Ti-alloys is complex, but can be understood to some degree in terms of the Matthias rules [14] -the alloying both promotes the beta crystal structure and optimises the electron density of states [15] . Aluminium is included in both alloys. It stabilizes the alpha phase, which is probably not superconducting [4] and improves oxidation properties. The vanadium content of Ti-64 helps stabilise the beta phase which is probably the origin of the superconductivity [16] as does the molybdenum content in Ti-6242. The tin and zirconium in Ti-6242 are considered neutral in terms of stabilizing either the alpha or beta phase. Both titanium alloys have high electrical resistivity that does not change significantly from 10 K to room temperature. The thermal and mechanical properties of both alloys are given in Table I [7] . The 1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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thermal coefficient of linear expansion for Ti alloys is similar to the intermetallic superconductor Nb 3 Sn (i.e. 7.6 × 10 −6 K −1 ), but of course in practice, the thermal properties of a Ti alloy and a composite Nb 3 Sn strand, which includes softer materials such as copper that bring higher thermal contraction coefficients, are not perfectly matched [17] . We sort a barrel material with similar electrical, thermal and mechanical properties to Ti-64 but with a lower critical temperature. Although pure Ti and Al have values of T C of only 0.4 K and 1.2 K, the vanadium in Ti-64 has the highest T C (5.38 K) of the elements in the alloy and leads to T C (Ti − 64) ∼ 5.12 K. We chose to investigate the Ti-6242 alloy because it is in the near alpha phase and only contains elements with lower values of T C . Ti-6242 contains tin -the highest T C (3.772 K) of the elements in the alloy -which is orthorhombic in its pure state as well as Zr and Mo and as we report below, leads to T C (Ti − 6242) ∼ 2.38 K.
B. Heat Treatments Used for Ti-64
The heat treated Ti-64 samples measured in this work were cut from barrels used to react bronze route (Ti-64(BR) and internal tin (Ti-64(IT)) strands for I C measurements for ITER. The heat treatment schedules for the Nb 3 Sn strands are outlined in Table II . The heat treatments were made using an argon atmosphere. Due to the low thermal conductivity of titanium alloys, the extraction of the small bars needed for the measurements was completed using low machine cutting speeds and large quantities of cutting fluid coolant. We expect the heating produced from extracting the titanium bars from the barrels is negligible.
C. Transport Measurements
Resistivity and the E-J characteristics were measured as a function of temperature and magnetic field using a standard 4 -terminal measurement. The samples were approximately 1 mm × 1 mm × 10 mm. Current and voltage leads were connected with silver paint such that the voltage taps were approximately 5 mm apart. The titanium bar samples were sequentially mounted into our 9 T Quantum Design, physical property measurement system (PPMS) on resistivity pucks and the in-built PPMS controls used to change temperature and field. Fig. 1 . The resistivity of titanium alloys Ti-64 (Ti-6Al-4V) and Ti-6242 (Ti6Al-2Sn-4Zr-2Mo-0.2Si). The Ti-6242(AS) and Ti-64(AS) materials in the assupplied state achieve zero resistivity. The Ti-64(BR) and Ti(64(IT) were heat treated using the schedules for bronze-route Nb 3 Sn and internal tin Nb 3 Sn strands respectively, as detailed in Table II . The heat-treated materials show partial resistivity transitions from their normal state resistivity to a lower resistivity value.
For the resistivity measurements, the internal PPMS circuitry was used. Uncertainties in the voltage gauge length, and hence absolute values of resistivity, derived from the cryogenic measurements on bars, were reduced to ∼4% by making an additional campaign of resistivity measurements at room temperature on longer 35 mm samples where the voltage tap separation was 20 mm. All the resistivity data in this paper are scaled by these more accurate room temperature resistivity data.
For the E-J measurements on bars in the PPMS, external circuitry was used. The current was provided by a Keithley 220 programmable current source. A resistor was also added in series to the sample to ensure the nominal current programmed into the current source and the current derived from the voltage across the resistor were consistent through the measurements from 10 nA to 0.1 A. We measured the voltage across the sample using an amplifier of gain 5 × 10 4 and a Keithley 2100 6½ digit multimeter. We also completed E-J measurements on intact ITER barrels, modified to allow voltage taps to be connect to the Ti-alloy sections, and investigated the effect of field direction on the critical current density in these Ti-alloys using our vertical magnet system.
III. RESULTS AND DISCUSSION
A. Zero-Field Resistivity
The zero-field resistivity data for the titanium alloys are shown in Fig. 1 . There is excellent agreement, to within 4 %, between our data, for the temperature dependence of the normal state resistivity of the as supplied Ti-64 alloy, and the data from Ekin and Clark [5] , [8] . The two as-supplied alloys make a complete transition to zero resistivity as shown in Figs 1-3 . T C (Ti − 6242) ∼ 2.38 K is well below that of T C (Ti − 64) ∼ 5.12 K. The heat-treated sample Ti-64(BR) only shows partial transitions, where the resistivity drops by about 60% as shown in Fig. 4 . We suggest this behavior is associated with some non-contiguous parts of this alloy becoming superconducting. The heat-treated sample Ti-64(IT) also shows (not shown here) similar partial transitions behavior.
B. In-Field Resistivity
The titanium alloy samples were measured in-field to investigate upper critical fields: the superconducting T C and upper critical field of the as-supplied Ti-64, are shown in Fig. 5 and are consistent with the literature. The heat treated Ti-64 alloys were also both measured in field. Fig. 3 shows the Ti-64(BR) data. We note that the Ti-64(IT) exhibits similar behavior. Although incomplete, the transitions remain relatively sharp and have a temperature dependence that we associate with a superconducting component in these alloys. We conclude that the superconducting path is not contiguous throughout the entire sample down Fig. 4 . The resistivity of Ti-6Al-4V heated treated (Ti-64(BR)) using the schedule used for bronze route Nb 3 Sn strands as given in Table II , as a function of temperature measured in magnetic fields from 0 T to 8 T in 0.5 T increments. Note that at low temperatures the sample remains resistive. Fig. 5 . B c2 * (T ) -the onset of superconductivity -for the as-supplied titanium alloys Ti-64(AS) (Ti-6Al-4V) and Ti-6242(AS) (Ti-6Al-2Sn-4Zr-2Mo-0.2Si) as a function of temperature. The onset was defined as 95% of the normal state resistance. The Ti-64(BR) and Ti-64(IT) were heat-treated using the schedules given in Table II . The solid-line fits use the W-H-H equation [15] .
to a base temperature of 2 K. It is known that temperatures of 620°C are sufficient to change the microstructure of Ti-alloys consistent with these results [4] . The in-field transitions of the as-supplied Ti-6242(AS) alloy were also measured as shown in Fig. 3 . They are very broad, consistent with multi-phase samples [18] containing materials with a range of compositions. The Ti-6242(AS) alloy also showed hysteretic resistive traces particularly in nominal zero field as shown in Fig. 2 . We attribute the hysteresis to trapped flux in these inhomogeneous samples. For each of the in-field traces in Fig. 3 , the samples were first heated to above 3 K, to ensure the whole sample was driven normal.
From the in-field resistivity measurements, a value for the onset of superconductivity was found (B * c2 (T )) for each alloy as shown in Fig. 5 . The data have been fitted with using the well-known W-H-H empirical fit [19] . The characteristic Transport measurements for the Titanium alloy Ti-64 (Ti-6Al-4V) and Ti-6242 (Ti-6Al-2Sn-4Zr-2Mo-0.2Si). The brackets (AS) denote 'as supplied'. Ti-64(BR) and Ti-64(IT) were heat treated using the schedules that are used for the bronze route strands and internal tin strands in the ITER tokamak as outlined in Table II . superconducting and normal state parameters for the four alloys measured in this work are given in Table III .
C. Critical Current Measurements
The critical current density (J C ) measurements on bars of Ti-64(AS) and Ti-64(BR) at 4.2 K are shown in Figs. 6 and 7. The magnetic field was applied orthogonal to the direction of current flow. Ti-64(AS) shows a zero-resistivity base-line in contrast with and the Ti-64(BR) alloy which shows a resistive baseline from origin -both results are consistent with the data in Fig. 1 . Critical current measurements on intact barrels were also completed for all four alloys at 4.2 K with the applied field parallel to the direction of current flow. Zero field data shown in Fig. 8 confirm that only the Ti-64(AS) alloy has a zero resistivity baseline from origin. It's J C values in zero field were strongly hysteretic, which we often observe in samples measured in nominal zero field, and were about a factor of 3 -4 higher than the data in Fig. 6 (42 mA mm −2 ). The increase in J C is consistent with well-established Lorentz-force-free flux pinning considerations. The range of J C values reported here are comparable to those of Goodrich [20] , who found J C values for barrels from >680 mA mm −2 for as-supplied material to 2 mA mm −2 for annealed/oxidized barrels. It is important to Fig. 7 . E-J characteristics at 4.2 K of Ti-6Al-4V heat treated using the schedule for bronze route Nb 3 Sn given in Table II (Ti-64 (BR)). Measurements were made between 0 T and 4.5 T in 0.5 T increments. There is a resistive baseline from origin. Fig. 8 . E-J characteristics at 4. 2 K of titanium alloy barrels. Samples measured were Ti-64(AS) (as supplied Ti-6Al-4V); Ti-6242(AS) (as supplied Ti-6Al-2Sn-4Zr-2Mo-0.2Si) and Ti-64 that was heat treated using the internal tin (IT) and bronze route (BR) strand schedules given in Table II. note that these are not small values in the context of making high accuracy I C measurements, since in zero field, the Ti-64 barrel can carry a supercurrent of >112 A.
IV. CONCLUSION
We have measured the superconducting transition temperatures and upper critical fields of Ti-64 and Ti-6242 titanium alloys as well as the effect of two heat treatments on Ti-64. The critical temperature of Ti-64 is 5.14 K and that of Ti-6242 is 2.38 K After the heat treatments, the standard Ti-64 no longer achieved the zero resistivity state but a partial transition in the resistivity was seen, which we attribute to isolated parts of the material remaining superconducting. We suggest that for high accuracy I C measurements at 4.2 K in magnetic fields up to
